† Background and Aims In andromonoecious taxa with separate floral types along the inflorescence, architectural or plastic effects can simulate floral sexual dimorphism. Both the primary and secondary sexual characteristics of the cyathia of the protogynous andromonoecious species Euphorbia nicaeensis were analysed according to their sex and arrangement on the inflorescence. † Methods The production of male and hermaphrodite cyathia at each inflorescence level was surveyed in two natural populations. The longevity, size, pollen production and viability, and nectar secretion of both types of cyathia were checked between inflorescence levels and between sexes at the only level at which they occur together. This sampling method makes it possible to know whether differences between cyathia types are based on sex or are attributable to inflorescence development. † Key Results Male cyathia were produced predominantly at the first and second inflorescence levels, whereas at levels 3 -5, the cyathia were almost exclusively hermaphrodite. Viable pollen production by male cyathia at the second inflorescence level was higher than that of hermaphrodite cyathia at the third level but, when males and hermaphrodites at the same level were compared, their pollen production was similar. Male and hermaphrodite cyathia were similar in size, irrespective of the inflorescence level, although the exclusively hermaphrodite cyathia of the last level were smaller. Both cyathium types produced similar amounts of sugar. However, male cyathia produced nectar during their whole lifespans, whereas hermaphrodites produced it exclusively during their male phase. Moreover, the nectary activity of male cyathia started earlier in the day than that of hermaphrodites. † Conclusions An apparent floral dimorphism exists in the primary sexual characteristics of Euphorbia nicaeensis because differences in pollen production between cyathium types are due to theirs positions. Similarly, differences affecting most secondary sexual characteristics are only apparent between the two cyathium types. However, E. nicaeensis shows a true but slight floral dimorphism in some of the secondary sex characters related to nectar secretion. The lack of nectar production by the female phase of the hermaphrodite cyathia of E. nicaeensis indicates that this is a deceit-pollinated species.
INTRODUCTION
Andromonoecy is a sexual system of plants in which an individual bears both staminate and perfect flowers (Yampolsky, 1920) . This is a rare sexual system, which appears in only 1 . 7 % of all angiosperms (Yampolsky and Yampolsky, 1922) , but it is widespread in particular groups (Lovett Doust, 1980; Arroyo, 1981; Whalen and Costich, 1986; Anderson and Symon, 1989; Koul et al., 1993; Narbona et al., 2002) . Bertin (1982) suggested several hypotheses to explain the evolution of andromonoecy. The best-supported involves an allocation of resources by which staminate flowers prevent the outlay of resources for initial fruit development, because in hermaphrodite flowers, many fruits abort during development (Primack and Lloyd, 1980) . Furthermore, the development of staminate flowers may have two selective advantages. First, they provide a pollen surplus that enhances male fitness (Bertin, 1982; Anderson and Symon, 1989; Podolsky, 1993; Connolly and Anderson, 2003) . Thus, in the andromonoecious Solanum carolinense, male reproductive success was enhanced by an increase in the proportion of male flowers (Elle and Meagher, 2000) . Secondly, staminate flowers increase floral display that improves pollinator attendance, which in turn benefits female fitness (Bertin, 1982; Anderson and Symon, 1989; Spalik, 1991) .
Because staminate and perfect flowers have different functions in andromonoecious species, it can be asked whether both flower types make different male investments. If staminate flowers are important in pollinator attraction, more staminate flowers with fewer stamens or less pollen would be expected (Bertin, 1982; Spalik and Woodell, 1994) . However, on the contrary, staminate flowers could be expected to show specialization in male function, investing in higher pollen production (Anderson and Symon, 1989; Spalik and Woodell, 1994) . Some studies have shown that staminate flowers yield less pollen than perfect ones (e.g. Emms, 1993; Podolsky, 1993; Spalik and Woodell, 1994) but, in others, the reverse pattern has been observed (e.g. Anderson and Symon, 1989; Huan, 2003; Ortiz et al., 2003; Narbona et al., 2005) , and similar pollen production between flower types has also been reported (e.g. Anderson and Symon, 1989; Diggle, 1993; Schlessman and Graceffa, 2002; Cuevas and Polito, 2004) . In the few cases in which pollen viability has been measured, the pollen of staminate flowers was more viable than that of perfect flowers (Traveset, 1995; Narbona et al., 2005) or both flower types showed similar pollen viability (Cuevas and Polito, 2004) . The existence of these differences based on sex between flowers of the same species is termed 'floral dimorphism'. However, this phenomenon can also affect secondary sexual characteristics, such as nectar production and corolla size (Yampolsky, 1920; Delph, 1996) .
Sexual dimorphism is a frequent phenomenon, which has traditionally been explained by both a 'non-functional' hypothesis, which presupposes developmental correlations between the stamens and corolla (Plack, 1957; Weiss and Halevy, 1989) , and a 'functional' hypothesis, which postulates that selection for male function or for the protection of the developing reproductive organs drives the evolution of the sexual dimorphism (Assouad et al., 1978; Uno, 1982; Bell, 1985; Eckhart, 1991; Delph, 1996; Delph et al., 1996) . Recently two new and alternative hypotheses have been proposed, which include the effects of inflorescence architecture (Diggle, 2003) and the effects of phenotypic plasticity during development (Diggle, 1993) . Both the flower position in the inflorescence and the inflorescence position in the plant directly affect the floral characteristics (Diggle, 1995) . Thus, an apparent sexual dimorphism could arise if floral types occur at different positions in the inflorescence (Diggle, 2003; Miller and Diggle, 2003) . Furthermore, if floral types are produced at different times, one of them may be more subject to plastic variation because of an exhaustion of resources (Diggle, 1997; Gibbs et al., 1999; Ashman and Hitchens, 2000; Buide, 2004) , and this variation could cause an apparent sexual dimorphism (Diggle and Miller, 2004) . Alternatively, placement of floral types at different positions along the inflorescence could be interpreted as an evolutionary mechanism to promote floral dimorphism (Meagher, 2007) .
The genus Euphorbia has unisexual flowers grouped into characteristic pseudanthia called cyathia. The cyathium is composed by an involucre, which contains a central pistillate flower surrounded by five groups of staminate flowers (Prenner and Rudall, 2007) . The pistillate flower of the cyathium develops before the male ones; thus each cyathium is functionally a protogynous hermaphrodite flower (Prenner and Rudall, 2007) . The involucre is generally surrounded by four marginal nectaries, which produce highly concentrated nectar (Ehrenfeld, 1976; Narbona et al., 2005) . The cyathia are arranged in compound pleiochasia -each pleiochasial branch forms several pleiochasia or dichasia, which bloom sequentially (Weberling, 1986) . Some species of Euphorbia are functionally andromonoecious in that they produce both male and hermaphrodite cyathia (Eichberger, 2001; Narbona et al., 2002 Narbona et al., , 2005 . The male cyathia are produced at the beginning and, in some cases, at the end of the flowering period, causing interfloral dichogamy because the inflorescence has an acropetal development (Narbona et al., 2002 (Narbona et al., , 2005 .
The simultaneous presence of functional andromonoecy and intra-and inter-floral dichogamy establishes secondary sexual differentiation at two levels: between the cyathia of different sexes, and between the sexual phases of the hermaphrodite cyathia. In E. boetica, a species that develops up to eight inflorescence levels, a true dimorphism affecting its primary sexual characteristics and related to sexual function appears at the lower levels of the inflorescence, whereas an apparent size dimorphism arising from positional effects occurs in the upper positions (Narbona et al., 2005) .
Euphorbia nicaeensis is an andromonoecious perennial spurge that produces male cyathia exclusively at the lower levels of the inflorescence (Narbona et al., 2002) . Here, both the primary and secondary sexual characteristics of the cyathia of this species are investigated, according to their sex and their arrangement on the inflorescences, to determine whether a sexual dimorphism exists. The specific objectives are as follows: (1) to confirm the pattern of production of male cyathia in the inflorescence; (2) to assess the longevity of the male and hermaphrodite cyathia; (3) to determine whether there are differences in the involucre and nectary sizes of both types of cyathia; (4) to analyse pollen production, viability and presentation in the two types of cyathia; and (5) to compare nectar secretion between both types of cyathia and between the sexual phases of the hermaphrodite cyathia.
MATERIALS AND METHODS
Study species and study areas Euphorbia nicaeensis All. subsp. nicaeensis is a perennial, herbaceous spurge with a circum-Mediterranean distribution; it prefers calcareous soils (Benedí et al., 1997) . This species grows in dry, sunny places, in degraded stages of Mediterranean Quercus forests (Benedí et al., 1997) . Flowering takes place in early summer, and dispersion in late summer. Euphorbia nicaeensis is functionally andromonoecious and presents cyathia arranged in compound pleiochasia with several levels of branching (Narbona et al., 2002) . 
Methods
Inflorescence development and the proportion of male and hermaphrodite cyathia were monitored in three branches from 23-29 plants from each population during June -July, 1999. Each branch developed a compound pleiochasium, and 'level 1' was assigned to the terminal cyathium (i.e. the first to be produced) of the inflorescence and consecutive numbers to the successive levels of branching (for more details, see Narbona et al., 2002 Narbona et al., , 2005 . Because E. nicaeensis reproduces vegetatively, plants separated by .2 m, along two 100-m transects in each population were selected. Each plant was marked at the beginning of flowering and was visited every 7 -10 d, when the numbers of male and hermaphrodite cyathia at each level of the inflorescence were noted.
All the following studies were made only in the La Camilla population. In ten plants, the main axes (length and width) of both the cyathium involucre and one of the nectaries were measured, noting the sexuality of the cyathia and their positions on the inflorescence. The duration of anthesis in the hermaphrodite and male cyathia was monitored for 111 marked cyathia on 15 plants. These cyathia were examined daily, and their floral phase and, where applicable, the number of stamens exposed was noted. The receptivity of the stigma was determined in flowers at different stages of their development using the hydrogen peroxide technique (Kearns and Inouye, 1993) .
The daily cycle of pollen presentation was studied in 113 cyathia of eight plants, which were examined every 2 h from 0800 h to 2000 h, and the numbers of exposed stamens with pollen were noted. Thirty cyathia that had finished flowering were also collected and dissected to determine how many stamens had remained unexposed. A cyathium was considered to have finished flowering when no stamen had been exposed for three consecutive days.
Because all the cyathia at an inflorescence level in each plant were the same sex, the comparison of pollen production between sexes and within plants was only possible across different levels. Thus, in every plant, pollen production was estimated separately in male and hermaphrodite cyathia from inflorescence levels 2 and 3, respectively. To compare pollen production between male and hermaphrodite cyathia at the same inflorescence level, different plants were used, collecting cyathia from level 2, the only level at which both types of cyathia occur. Pollen production per cyathium was estimated from the number of stamens per cyathium and the number of pollen grains per stamen. The number of stamens was counted in 20 cyathia of each sex on ten plants, and in ten hermaphrodite cyathia from inflorescence level 2 of another five plants. In each of these cyathia, the pollen grains of two stamens were counted. Each stamen was dissected on a slide, and all its pollen grains were counted under a microscope.
Pollen viability was analysed in six plants, and the male (level 2 on the inflorescence) and hermaphrodite cyathia (level 3) of each plant were considered separately. Pollen viability was estimated by sowing the pollen on a solid nutritive medium in Petri dishes (Bar-Shalon and Mattson, 1977) . For each plant, all the stamens available at the moment of sowing were used. After sowing, the dishes were kept for 6 h at 22-24 8C. A preliminary experiment showed that a longer incubation did not increase the rate of germination. Three or four samples (replicates) were taken from each dish, and the proportion of germinated pollen grains was determined as those in which the pollen tube was longer than the diameter of the grain. All the pollen grains in each replicate were counted. The average number was 221.
Nectar production was measured in 39 male and 46 hermaphrodite cyathia from level 2 of the inflorescence (four and five plants, respectively). Inflorescences were bagged in situ for 24 h using plastic bags to exclude insects. The volume and concentration of nectar were used to estimate the weight of sugar produced per cyathium (Cruden and Hermann, 1983) . In the bagged inflorescences, it was observed that almost none of the hermaphrodite cyathia in the female phase produced nectar. To confirm this observation, a 100-m linear transect was made, along which the presence of nectar in the nectaries of the hermaphrodite cyathia in the female and male phases was observed, as well as in the male cyathia of three inflorescences chosen at random on 32 plants. The number of cyathia secreting nectar was counted at 1300 h on a sunny day in July. Because of the scarcity of hermaphrodite cyathia in the female phase that secreted nectar, the weight of sugar produced per cyathium was measured in only six cyathia (two plants). The activity of the nectaries throughout the day was monitored visually in 79 male and 110 hermaphrodite cyathia from level 2 of the inflorescences (five and four plants, respectively). These cyathia were examined at regular intervals from 0800 to 2000 h on two sunny days in June, and the numbers of nectaries presenting nectar on their surfaces were counted.
Statistical analysis
The numbers of inflorescence levels in the two study populations were compared using the Mann -Whitney test because data normalization with the usual transformation was not achieved (Zar, 1999) . For the same reason, the comparison of the proportions of male and hermaphrodite cyathia between inflorescence levels was tested using the Kruskal -Wallis test, and differences between categories were resolved with the Nemenyi test for means separation (Zar, 1999) . Differences in cyathia production per inflorescence between populations were analysed using one-way analysis of variance (ANOVA). The Mann -Whitney test was performed to determine differences in the duration of anthesis of the male cyathia and in the male phase of the hermaphrodite cyathia, and to determine differences in the stamen issue rate of both types of cyathia.
Differences in number of stamens, pollen production per stamen, and total number of pollen grains between male and hermaphrodite cyathia of inflorescence level 2 were tested using mixed-model ANOVAs where the factor 'sex' was fixed and the factor 'plant' was considered random and nested in 'sex'; the data were logarithm transformed.
The number of stamens and the total number of pollen grains of the male (level 2) and the hermaphrodite (level 3) cyathia of the same plant were compared using mixedmodel ANOVAs, with 'plant' as random factor and 'sex' as fixed. Differences in pollen production per stamen between cyathia, sex and plants were analysed using mixed ANOVAs, in which the factor 'plant' was random, the factor 'sex' was fixed, and the factor 'cyathium' was nested in 'plant' and 'sex'. Differences in pollen viability between male (level 2) and hermaphrodite (level 3) cyathia were tested using a mixed-model ANOVA where the factor 'plant' was considered random and the factor 'sex' was fixed; the data were transformed using arcsine.
Variations in the size of the cyathia and their nectaries according to sex (male versus hermaphrodite) and according to inflorescence levels were analysed using one-way multivariate ANOVA (MANOVA) tests, including width and length as predictor variables. A factorial MANOVA ('sex' and 'inflorescence level' as factors) was not possible because both types of cyathia do not occur at each level of the inflorescence. Alternatively, the sizes of the cyathia were compared between sexes at the only inflorescence level at which they occur together (level 2), using one-way MANOVA.
Comparison of the percentages of cyathia with active nectaries between male cyathia, hermaphrodite cyathia in the female phase, and hermaphrodite cyathia in the male phase were performed using the x 2 test for contingency table of percentages (Zar, 1999) . Proportions of active nectaries throughout the day were compared between male and hermaphrodite cyathia using the x 2 test for contingency tables of percentages for more than two proportions (Zar, 1999) . The characteristics of the nectar produced by male and hermaphrodite cyathia in male phase were compared using a mixed ANOVA, in which the factor 'plant' was random, and the factor 'sex' was fixed and nested in 'plant'; the data were logarithm transformed. The amount of sugar produced by hermaphrodite cyathia in the female phase was compared with those of hermaphrodite cyathia in the male phase and with those of the male cyathia using the Mann -Whitney tests.
ANOVAs and MANOVAs were performed using STATISTICA 6 . 0 (GLM module) with Type III sums of squares (StatSoft, 2001) . When the ANOVA/MANOVA showed significant differences, the means of groups were compared using the t-test with estimation of the separate variance (Welch test), as the variance of the groups was not equal (Day and Quinn, 1989) . To control for the experiment-wise type I error produced by multiple comparisons, the sequential Bonferroni test for fitting the significance level was applied (Rice, 1989) .
RESULTS

Distribution of male and hermaphrodite cyathia in the inflorescence
The number of inflorescence levels that developed in the La Camilla population ranged between three and four (median ¼ 4, mode ¼ 4), whereas it ranged between four and five in the Aracena population (median ¼ 4, mode ¼ 4). In general, plants from Aracena developed a higher number of inflorescence levels (U ¼ 671 . 0, n 1 ¼ 54, n 2 ¼ 77, P , 0 . 0001) and higher total cyathia per inflorescence (F 1,129 ¼ 15 . 48, P , 0 . 001) than those of the plants from La Camilla (Table 1) . Level 1 of the Aracena plants produces undeveloped cyathia. The maximum number of cyathia developed at levels 3 and 4 in La Camilla and at level 4 in Aracena (Table 1) .
Hermaphrodite and male cyathia were found in both populations, and their proportions were statistically different between inflorescence levels (H ¼ 80 . 0, P , 0 . 0001, d.f. ¼ 3 in La Camilla; H ¼ 72 . 5, P , 0 . 0001, d.f. ¼ 3 in Aracena; Fig. 1 ). Female flowers were totally absent from the male cyathia. Most cyathia were male at the first level of the inflorescence that produced cyathia. At the next level, the cyathia were predominantly male in La Camilla, but predominantly hermaphrodite in Aracena. At the last two levels, the cyathia were almost exclusively hermaphrodite in both populations (Fig. 1) . All cyathia at the same inflorescence level had the same sex in all studied inflorescences (e.g. at level 2 of one inflorescence, all cyathia were male or hermaphrodite, but never both). This pattern can be extended throughout the plant, i.e. all the inflorescences of a plant developed the same type of cyathia at the same inflorescence levels.
Dichogamy
The hermaphrodite cyathia were protogynous, and their female flowers were receptive for 1 -5 d (mean ¼ 2 . 9, mode ¼ 3, n ¼ 94). The female flower remained erect during its receptive period, and it later hung between two nectaries of the involucre. Once the female phase was over, the stamens issued from the cyathium involucre at a rate of 0 -4 stamens daily (mean and mode ¼ 2). Each stamen remained exposed for 1 d, usually dropping in the night or on the following morning when pushed out by the new stamen. The stamens emerged from the cyathium involucre between 0800 and 1000 h in the morning, and were open from this time to 2000 h, although little pollen remained after 1400 h. The male phase of the hermaphrodite cyathia lasted for 9 -13 d (mean ¼ 10 . 8, mode ¼ 11). In the male cyathia, the duration of anthesis was 7 -9 d (mean and mode ¼ 9), and this was significantly less than that of the male phase of the hermaphrodite cyathia (U ¼ 346, n 1 ¼ 17, n 2 ¼ 94, P ¼ 0 . 0003). However, in male cyathia, the daily stamen issue rate ranged from 0 to 5 (mean ¼ 2 . 4, mode ¼ 3), and it was significantly higher than that of the hermaphrodite cyathia (U ¼ 12418, n 1 ¼ 283, n 2 ¼ 106, P ¼ 0 . 007). All the stamens produced were exposed in both types of cyathia.
Pollen production and viability Male and hermaphrodite cyathia at level 2 of the inflorescence produced statistically similar numbers of stamens (mean + s.e. ¼ 19 + 0 . 5 for both types; F 1,15 ¼ 0 . 06, P ¼ 0 . 81), of pollen grains per stamen (843 + 30 for male and 800 + 16 for hermaphrodite; F 1,10 ¼ 0 . 30, P ¼ 0 . 60) and, consequently, of pollen per cyathium (15288 + 524 for male and 14844 + 646 for hermaphrodite; F 1,10 ¼ 0 . 18, P ¼ 0 . 68).
When male cyathia at level 2 were compared with hermaphrodite cyathia at level 3 in the same plants, the former produced an average of four stamens more than the latter (Fig. 2) , and these differences were statistically significant ( Table 2 ). The average number of stamens per cyathium was similar between plants, but there was a significant interaction between sex and plant ( Table 2 ), indicating that this difference between the sexes was much more marked in some plants. The number of pollen grains per stamen was 835 + 33 in male cyathia and 647 + 21 in hermaphrodite cyathia, but this difference was only marginally significant (Table 2) . Male cyathia at level 2 produced 48 % more pollen grains than hermaphrodite cyathia at level 3 (mean + s.e. ¼ 14995 + 646 and 10125 + 723, respectively; Fig. 2 ), and this difference was statistically significant (Table 2) . Plant identity had no effect on cyathia pollen production ( Table 2 ). The mean pollen viability per plant ranged between 40 . 8 + 7 . 6 % and 80 . 3 + 7 . 6 %, and the differences between plants were marginally significant (F 5,32 ¼ 4 . 17, P ¼ 0 . 071). Pollen viability in the male (level 2) and hermaphrodite (level 3) cyathia did not differ significantly (F 1,32 ¼ 0 . 37, P ¼ 0 . 57; Fig. 2 ).
Cyathium size
The size of the involucre and the nectaries of the cyathia were significantly different between the levels of the inflorescence (Table 3, Fig. 3 ). The cyathia of the three first levels of the inflorescence were the same size (except the involucre length at level 3), and those at the last level were smaller (Fig. 3) . The size of the involucre was similar in both sexes, but there was a significant difference in the sizes of the nectaries (Table 3) . However, these differences are attributable to the smaller size of the hermaphrodite cyathia at the last level (Fig. 3) . When male and hermaphrodite cyathia were compared at level 2 of the inflorescence (the only level that can produce both types of cyathia), no significant differences in size were detected (Wilk's lambda for involucre size ¼ 0 . 94, 
Nectar secretion
Most of the male cyathia and hermaphrodite cyathia in the male phase produced nectar: 83 % (n ¼ 792) and 96 % (n ¼ 277), respectively. However, only 9 % (n ¼ 368) of the hermaphrodite cyathia in the female phase produced nectar. This proportion was significantly different from that of the male cyathia (x 2 ¼ 195 . 45, d.f. ¼ 1, P , 0 . 00001) and that of the hermaphrodite cyathia in the male phase (x 2 ¼ 201 . 12, d.f. ¼ 1, P , 0 . 00001). In the same inflorescence, all cyathia either produced or did not produce nectar, and this was true for the three types of cyathia.
The nectar secretion throughout the day, measured as the proportion of active nectaries, began before 1000 h, increased quickly until the middle of the day, and remained high during the afternoon (Fig. 4) . The proportions of active nectaries in the male cyathia and the hermaphrodite cyathia in the male phase were significantly different (x 2 ¼ 118 . 95, d.f. ¼ 5, P , 0 . 0001). In the overall census, the proportion of active nectaries was higher in the male cyathia, especially during the morning, when the differences were more noticeable (Fig. 4) .
The volume of nectar that accumulated in 24 h in the male cyathia was highly variable, ranging between 0 . 4 and 8 . 3 mL, with a mean of 2 . 7 + 0 . 29 mL. The hermaphrodite cyathia in the male phase produced a smaller volume, between 0 . 3 and 6 . 0 mL, with a mean of 1 . 9 + 0 . 17 mL, but the difference between both types of cyathia was not significant because of the great variability within and between plants (Table 4 ). In contrast, the mean concentration of nectar in the male cyathia was smaller than that in the hermaphrodite cyathia in the male phase (mean + s.e. ¼ 7 . 4 + 0 . 46 8Brix versus 13 . 4 + 1 . 27 8Brix, respectively), but again these differences were not significant because of the great variability within and between plants ( Table 4) . As a consequence, the amount of sugar produced was highly variable in both male (32 -634 mg; mean + s.e. ¼ 188 + 21 . 4 mg) and hermaphrodite cyathia in the male phase (28 -438 mg; mean + s.e. ¼ 181 + 14 . 0 mg), and their means were not significantly different (Table 4) . Hermaphrodite cyathia in the male phase produced similar amounts of sugar (98 -389 mg; mean + s.e. ¼ 208 + 54 . 8 mg) to those of the hermaphrodite cyathia in the female phase (U ¼ 81, n 1 ¼ 6, n 2 ¼ 39, P ¼ 0 . 54) and those of the male cyathia (U ¼ 103, n 1 ¼ 6, n 2 ¼ 46,
DISCUSSION
The pleiochasia of Euphorbia nicaeensis developed different numbers of branching levels in the two populations studied and, as a result, the numbers of cyathia per inflorescence also differed between them. In the Aracena population, the inflorescences were more branched and carried a greater number of cyathia, probably the result of the shady habitat, as has been reported in French populations of E. nicaeensis (Al-Samman et al., 2001) .
All E. nicaeensis plants produced both male and hermaphrodite cyathia, and were thus functionally andromonoecious. Moreover, every plant showed a very welldefined pattern of distribution of both types of cyathia in its inflorescences. Male cyathia were produced predominantly in the first and second levels, whereas the cyathia FIG. 2. Number of stamens per cyathium, pollen grains per cyathium, and pollen viability in male (M) and hermaphrodite (H) cyathia from levels 2 and 3 of the inflorescence, respectively. Values are means + 95% confidence intervals. Statistically significant differences between male and hermaphrodite are shown (ANOVA test, see the text and Table 2 ). *** P , 0 . 001; ns, not significant.
were almost exclusively hermaphrodite in the subsequent levels. A similar pattern of cyathia distribution was observed in two other populations of E. nicaeensis in the Iberian Peninsula (Narbona et al., 2002) , and thus it seems an established character in this species. In fact, the production of male cyathia in the first levels of the inflorescence seems to be a common feature in perennial species of Euphorbia (Eichberger, 2001; Narbona et al., 2002) . However, in the perennial E. boetica, in which the pleiochasia develop up to eight levels, male cyathia are also found in the latest inflorescence levels (Narbona et al., 2005) . In the hermaphrodite cyathia of E. nicaeensis, dichogamy is totally effective in avoiding autogamy because there is no overlap between the female and male phases of each cyathium. Moreover, all hermaphrodite cyathia of an inflorescence level show perfect synchrony, exhibiting the same sexual phase, and there is no overlap in the flowering between levels (Narbona, 2002) . All these features, marked protogyny, intra-level synchrony, and inter-level asynchrony, should be effective in avoiding geitonogamy in E. nicaeensis. Brunet and Charlesworth (1995) presented an evolutionary stable strategy analysis of the resource allocation in hermaphroditic plants and suggested that, in plants with more or less marked protogyny and sequential blooming, early flowers should be expected to allocate more resources to male function because the ratio of potential mates to ovule competitors is lowest in these flowers. This evolutionary strategy could operate in the markedly protogynous E. nicaeensis, causing its lower cyathia to specialize as male, without female flowers.
A true floral dimorphism in the primary sexual characteristics does not exist in E. nicaeensis, because male and hermaphrodite cyathia at the same inflorescence level produce similar amounts of pollen. When males and hermaphrodites at different inflorescence levels (2 and 3, respectively) were compared, the number of viable pollen grains was higher in the males. These facts suggest that the position of the cyathia in the inflorescence, but not their sex, determines the observed differences in viable pollen production. The results for E. nicaeensis do not support the hypothesis that staminate flowers of andromonoecious species invest more in male function than do perfect flowers (Anderson and Symon, 1989; Spalik and Woodell, 1994) .
Euphorbia nicaeensis only shows a true but slight floral dimorphism in some of its secondary sexual characteristics associated with nectar secretion. In terms of cyathium size, only a slight dimorphism in the nectary width was observed, which may have been apparent because the cyathia of the last level of the inflorescence (which contains hermaphrodites exclusively) were markedly smaller than those of the other levels. In fact, no differences in the sizes of cyathia were detected when males and hermaphrodites were compared at level 2, the only level at which both types of cyathia occur, although in different plants. A decrease in flower size in the last levels of the inflorescence has been reported in the andromonoecious E. boetica and Anthriscus sylvestris (Spalik and Woodell, 1994; Narbona et al., 2005) . In E. nicaeensis, this can be attributed to the effect of the inflorescence architecture or to the phenotypic plasticity, which is related to the availability of resources (Diggle and Miller, 2004) . However, the present Interaction between both factors was not recorded because male and hermaphrodite cyathia do not occur at each level of the inflorescence (see Fig. 1 ). The levels of significance were corrected with a sequential Bonferroni test. **** P , 0 . 0001; *** P , 0 . 001; ** P , 0 . 01; ns, not significant. study did not allow discrimination between these two factors (see Diggle, 1997; Ashman and Hitchens, 2000) . With regard to nectar secretion, male and hermaphrodite cyathia of the same inflorescence level produced similar amounts of sugar in 24 h. However, male cyathia produced nectar throughout their whole lifespans, whereas hermaphrodites produced it exclusively during their male phase, which constitutes a true dimorphism in their secretion patterns. A true sexual dimorphism was also identified which affected the nectar secretion rate throughout the day, in that the nectary activity of the male cyathia started earlier in the day than did that of the hermaphrodites. A similar dimorphism in nectar secretion patterns has been reported in another spurge species, E. boetica (Narbona et al., 2005) .
The nectar secretion pattern can affect pollinator movements between flowers (Johnson and Hubbell, 1975; Kendall and Smith, 1975) , producing a directionality in their movements (Willson and Price, 1979; Waddington, 2001) . In E. nicaeensis, the differential pattern of nectar secretion between male and hermaphrodite cyathia during the day could cause pollinators to visit the male cyathia first, and then the hermaphrodites. However, most hermaphrodite cyathia in the female phase do not produce nectar, and fruiting is high in E. nicaeensis (Narbona, 2002) , indicating successful pollination. Thus, it seems that most visitors to E. nicaeensis cannot discriminate between nectariferous and nectarless cyathia.
The fact that most hermaphrodite cyathia in the female phase are nectarless has been observed in successive years in La Camilla, and in other populations (E. Narbona, pers. obs.). Thus, most hermaphrodite cyathia in the female phase offer no rewards to pollinators, and this suggests that pollination in E. nicaeensis is, to a great extent, based on deception (Baker, 1976; Wilson and Å gren, 1989) . This mode of pollination has been found in several monoecious and dioecious species (e.g. Wilson and Å gren, 1989; Costich and Meagher, 2001) , including the Euphorbiaceae monoecious species Cnidoscolus urens (Bawa et al., 1982) . Because pollen is also an important reward for many floral visitors, andromonoecy only permits a deceit pollination system if the hermaphrodite flowers are dichogamous. However, all the floral visitors observed in the La Camilla and Aracena populations of E. nicaeensis sought nectar exclusively, and these populations were not pollen limited (Narbona, 2002) . Therefore, as suggested for other species (Wilson and Å gren, 1989; Le Corff et al., 1998) , pollination by deceit may be a strategy of E. nicaeensis to reduce the cost of nectar production, while simultaneously maintaining the attraction of pollinators and female fitness. The above results show clearly a relationship between floral sexual dimorphism and inflorescence development in Euphorbia nicaeensis. A true sexual dimorphism was only found in some characteristics related to the nectar secretion patterns and this would support a functional hypothesis in which sexual dimorphism could have evolved to maximize pollination success and allocation of resources (Costich and Meagher, 2001; Miller and Venable, 2003) . However, most differences between the male and hermaphrodite cyathia of E. nicaeensis (viable pollen production and cyathium size) were the result of positional effects. These differences based on inflorescence position could be contemplated as a result of developmental constraints (Diggle, 1997 (Diggle, , 2003 , but alternatively the fact that the male and hermaphrodite cyathia of E. nicaeensis are produced at different positions along the inflorescence could be considered as an evolutionary mechanism to promote floral dimorphism in relation to gender expression (Meagher, 2007) . P-values in bold are significant at Bonferroni-corrected P level (0 . 05/3 ¼ 0 . 017).
